The justification of the need to remove fluorine from the complex beryllium-containing concentrates during their treatment before the stage of beryllium hydroxide precipitation is given. The analysis of possible ways of fluorine elimination from beryllium raw materials has been carried out.
Introduction
The hydrometallurgical technology of beryllium at JSC Ulba metallurgical plant, Republic of Kazakhstan has been developed to treat Be 3 Al 2 [Si 6 O 18 ] beryl concentrates using the sulfate method. From the beginning of 1990s, the enterprise began using complex raw materials including more rich concentrates of bertrandite Be 4 [Si 2 O 7 ](OH) 2 and phenakite Be 2 [SiO 4 ] of the Ermakovskoe deposit (Russia). The technology of treatment of the inert beryl and phenakite includes the preliminary thermochemical activation with fluxes (CaCO 3 and Na 2 CO 3 ) at 1400°C in order to obtain complex beryllium silicates, sharply cool down the melt using water, and dispersion of the melt and treatment of the granulate with 60% H 2 SO 4 at 100-140°C 1 . Bertrandite-phenakite concentrates of the Ermakovskoe deposit contain high amounts (up to 20%) of СаF 2 fluorite due to the similarity in flotation properties of minerals which causes the increase in fluorine content by 9-14% (by its mass). The presence of fluorite in concentrates during their treatment by the sulfate method leads to the presence of significant amounts of fluorine in the sulfate solutions. In due, it leads to the formation of highly stable, well-soluble, and hardly hydrolysable beryllium fluoride complex ions BeF + ÷ BeF 4 2- . It causes the need to increase pH from 6 to 12 in order to increase the yield of beryllium hydroxide precipitation which also leads to coprecipitation of iron, calcium, manganese, and chrome. As a result, it causes the loss of beryllium with the mother liquor and other solutions, decrease in production quality, increase in reagent consumption, and high increase in terms of liquid waste amounts.
Due to the facts mentioned above, the development of methods for fluorine elimination from beryllium raw materials and its half-products before the beryllium hydroxide precipitation stage is a very actual problem.
Results and discussion
In general, all methods for fluorine elimination from beryllium raw materials before the Be(OH) 2 precipitation may be divided in the following groups:
1. preliminary fluorine elimination from the bertrandite-phenakite-fluorite concentrate by selective dissolution of fluorite, 2. preliminary fluorine elimination from the Ermakovskoe deposit concentrate by pyrohydrolysis before sulfuric acid leaching; 3. simultaneous leaching of beryllium and fluorine elimination by sulfurization; 4. combination of sulfurization and sulfuric acid leaching; 5. fluorine elimination by different methods from the sulfate solutions before Вe(OH) 2 precipitation. From the physicochemical principle point of view, fluorine elimination methods may be based on: the different solubility of inorganic fluorides (precipitation methods); selective complexation with the formation of both wellsoluble and almost insoluble complex compounds; volatility of some of the fluorine-containing compounds (SiF 4 and HF, BF 3 ).
The preliminary fluorine elimination from bertrandite-phenakite-fluorite concentrates of the Ermakovskoe deposit by selective dissolution of fluorite
One of the possible ways of processing the complex beryllium raw materials with the increased fluorine content is the preliminary fluorine elimination by the selective dissolution of fluorite of the Ermakovskoe deposit with its successive mixing with the beryl concentrate and fluxes, and further proсessing according to the current technology.
Fluorite (CaF 2 ) is a rather inert mineral, and one of the industrial ways of its leaching is sulfurization, that is, the leaching with concentrated H 2 SO 4 at 250-300 о C. However, sulfuric acid is not a selective reagent and it can leach beryllium too. Another possible way of leaching hardly soluble compounds, including fluorides, is the complexing dissolution which is based on the transfer of such compounds into a soluble form by acting on them with the solutions of the certain salts containing the ion which can form the stable soluble compounds. The necessary condition for that is the enough stability of the complex being formed.
In the article 2 we showed that the processing of beryllium concentrate of the Ermakovskoe deposit with the acidic solution of Al (NО 3 ) 3 led to the formation of the monofluoride ion [AlF] 2+ and provides the fluorine elimination from the concentrate up to the residual amount of 0.5% by its mass; the enrichment of the concentrate with beryllium ( 1.5 times); the considerable decrease of impurity contents (Mn, Cr, Zn, Pb). The optimal conditions for the process are: the temperature of 80°C; the ratios Al 3+ :F -= 1,3 and liquid: solid = (5-7); the duration are not less than 3 hours. The main disadvantage is the large amounts of liquid wastes.
The preliminary fluorine elimination from the Ermakovskoe concentrate or granulate by pyrohydrolysis before the sulfuric acid leaching
Pyrohydrolysis is one of the most important fields in chemistry and chemical technology of inorganic fluorides 3 . Water vapors at high temperatures are rather reactive towards many inorganic fluorides even more than oxygen which is one of the strongest oxidizers: for example, at high temperatures CaF 2 is resistant towards О 2 , but reacts with water vapors. Pyrohydrolysis is the most selective towards inorganic fluorides that is why it found wide application in technological (hydrolysis and pyrohydrolysis of UF 6 , SiF 4 ) and analytical 4 practice. In this article the most attention is paid to the fluorine separation by pyrohydrolysis in the course of overheated vapor acting on the solids. Alkali and alkaline-earth metal fluorides do not fully decompose even at 1200°C, but using additions allows carrying out the processes quantitatively according to the following reaction:
2 CaF 2 + SiO 2 + Al 2 O 3 + Na 2 CO 3 + 2 H 2 O = Ca 2 SiO 4 + 2 NaAlO 2 + 4 HF + CO 2 (1) But many researches of the fluorite pyrohydrolysis with the formation of HF have not lead to the industrial realization so far (these processes are accompanied by sintering, fusion, change in the melting point due to the change in the composition, high energy consumption, etc.). Due to these reasons, the fluorine elimination from the Ermakovskoe concentrate using pyrohydrolysis is inadvisable, mainly due to the lack of research experiment data.
The simultaneous leaching of beryllium and fluorine elimination by sulfurization
This problem may be solved by turning beryllium into its sulfate with the simultaneous fluorine elimination in the forms of volatile SiF 4 and НF using the method of sulfurization of the bertrandite-phenakite-fluorite concentrate. The results of investigations and industrial experiments showed the high enough yield of fluorine elimination -up to 96%, the transfer of beryllium into solution amounted to 99% 5 . The advantages of this method are: it consists only of one stage, there is no melting stage which is costly and complicated, and also there is a possibility of the fluorine reuse in the beryllium technology after recycling of exhaust gases (SiF 4 and HF) to form NH 4 F.
Unfortunately, beryl cannot be practically leached with acids, therefore, the processing of the complex berylbertrandite-phenakite-fluorite raw materials using the sulfurization method cannot be done without the preliminary thermal of thermochemical activation. The possibility of processing the granulate with the sulfurization has not been fully investigated so far and requires additional researching.
Combination of sulfurization and sulfuric acid leaching.
The sulfurization and sulfuric acid leaching have their own advantages and disadvantages. The sulfurization at 250-300°C allows removing fluorine in the forms of HF and SiF 4 . It does not provide the quantitative extraction of beryllium, whereas the sulfuric acid leaching according to the current technology provides the quantitative leaching of beryllium, but at the same time the entire amount of fluorine transfers into the sulfate solution. It results from the different behavior of water: during sulfurization it goes to the gaseous phase and leaves the reaction system, while during the sulfuric acid leaching, the liquid water binds HF and SiF 4 forming new substances (hydrofluoric and fluorosilicic acids) and new products. Therefore, it is advisable to consider the combinations of these two methods in different orders.
The prospective kind of sulfurization of the complex raw granulate may be a two-stage process combining the sulfurization with consequent sulfuric acid leaching and further aqueous leaching of the sulfate compounds. The reason for the use of these two stages is explained by carrying out the sulfurization at the first stage (in order to remove the most of fluorine in the forms of HF and SiF 4 , and to turn the most of beryllium, aluminum, iron, and other metals into sulfates) and the consequent leaching of beryllium with sulfuric acid at the second stage in order to ensure high yield of leaching. As well as the direct sulfurization, this method allows recovering exhaust gases in order to get the NH 4 F valuable fluorinating agent which has applications in the beryllium technology.
The other option of the two-stage method is the traditional leaching of the granulate with 60% sulfuric acid with the consequent thermal treatment of the sulfate compound which leads to the increase in sulfuric acid concentration due to evaporation of water. In fact, this means that the leaching process ends with the sulfurization. From the practical point of view, this method is the most prospective because it does not require radical changes in the current technology but only implies inclusion of one additional stage. The behavior of fluorine in the described process is not fully understood so far and requires further investigation. . In general, fluorine may be removed from solutions using the following methods: precipitation of fluorine as insoluble fluoride compounds; binding fluorine within more stable complex compounds than the most stable complex ion [BeF] + ; fluorine elimination in the form of volatile compounds; using sorption and extraction processes.
Fluorine elimination by different methods from sulfate solutions before

Precipitation of fluorine as insoluble fluoride compounds
In comparison with most precipitates, simple fluorides are more soluble; the lowest solubility has the following fluorides (% by mass) 4 , fluorides will not precipitate. The precipitation is possible using the "exotic" reactants (triphenyltinchloride, benzidine acetate), but they are used only in analytical research, and the problem of precipitation in the presence of aluminum and beryllium remains open.
Among sparingly soluble compounds, cryolite Na 3 AlF 6 deserves the most attention; the very important methods of aluminum determination are based on using this compound 6 . The complex of Na 3 AlF 6 forms if there is more than 1.4% excess of NaF; if the excess is not enough, the composition of the complex is described as 4AlF 3 ·11NaF. Cyolite is significantly soluble in water (0.39 g/L or 1.86·10 -3 mol/L). The excess of AlF 3 does not affect the solubility of cryolite, but the excess of Na + or F -ions in the form of other salts significantly decreases it. For example, the cryolite solubility decreases to 10 -4 mol/L (comparable with СаСО 3 ) in 0.5 М NaCl. If both Na + and F -ions are present at the same time (in form of NaF) the solubility of cryolite decreases dramatically: in the presence of NaF with 0.03 mol/L its solubility equals 7.4·10 -14 mol/L (comparable with AgBr). On the other hand, the solubility of metal fluoroberyllates is widely used in the analytical chemistry of beryllium. There is a method 7 of beryllium separation from Al, Ca, Fe, and Mg, based on a relatively high solubility of Na 2 BeF 4 in comparison with the low solubility of Na 3 FeF 6 , CaF 2 and MgF 2 . It has been mentioned above that the solubility of cryolite extremely decreased in the excess of NaF. It is important to note that in such conditions the excess of NaF has almost no influence on the solubility of Na 2 BeF 4 . The advantage of this technique is the possibility of multiple reuse of NaF from the mother liquor after Na 2 BeF 4 hydrolysis in order to precipitate Ве(ОН) 2 .
The combination of the low solubility of cryolite and high solubility of fluoroberyllate allows solving several problems: to use the concentrates with high fluorine content; to avoid the preliminary fluorine elimination before the precipitation; to remove Al, Fe, Ca, and Mg from the sulfate solutions. The potential disadvantages of this method may be in the need to use the high amounts of NaF; the inability to use ammonium solutions to precipitate beryllium hydroxide because only alkali hydrolysis is suitable (worse degree of purification); higher filtration ability of cryolite; the necessity of iron cryolite recycling. The main advantage of this method is the possibility to use the complexation ability of fluoride complexes of aluminum, beryllium, and iron, rather than to destroy them. The advisability of this method is to be further investigated.
Binding fluorine within more stable complex compounds
One of the variations of this method is the transfer of fluorine into complex compounds which are more stable than the most stable ion [BeF] + complex that has the instability constant in the range from 1.3•10 -6 to 1•10 -3
. It is known 8 that only monofluoride complex ions of zirconium, hafnium, boron, and thorium are significantly more stable, but the process of beryllium precipitation in their presence is unknown. Their consideration is not advisable: zirconium and hafnium -from the viewpoint of economy, thorium -due to its radioactivity, and boron -because of the possibility of changing in nuclear-physical properties of beryllium in the presence of even traces of boron (the same goes for hafnium, too).
Fluorine elimination in the form of volatile compounds
Extraction of fluorine using distillation from solutions is widely used in the analytical chemistry. This group of methods is based on the volatility of HF, SiF 4 , and BF 3. In spite of the strongest complexation ability of boron and high volatility of BF 3 , this method is considered inadvisable 9 . Moreover, the presence of boron in beryllium if forbidden as it has been mentioned above. During fluorine distillation from acidic solutions in the form of fluorosililcic acid (H 2 SiF 6 , or more precisely: HF and SiF 4 ), the compounds of fluorine with metals may be decomposed in two ways: either using hydrolysis with water vapor, or using strong mineral acids. The decomposition is carried out in the presence of SiO 2 (quartz, sand). For example, in the case of CaF 2 the process flows according to the following scheme:
6 HF (aq.) + SiO 2 = H 2 SiF 6 + 2 H 2 O,
which means that SiF 4 gives fluorosilicic acid in the presence of water and HF, and calcium hydroxide, when interacting with sulfuric acid, turns into calcium sulfate. The solution is boiled over SiO 2 with the continuous input of water vapor which is necessary for the prevention of acid concentrating and suppression of hydrolysis. The forming products of hydrolysis are removed from the reaction system together with the water vapor in the form of HF and SiF 4 . The distillation is significantly slowed down by the large amount of SiO 2 gel, aluminum, and boron. Usually for distillation the diluted H 2 SO 4 (2:1) with a small addition of H 3 PO 4 is used. It is a known fact 9 that the mixture of H 2 SO 4 of H 3 РO 4 can remove fluorine quantitatively under isothermal conditions at 140°С (which corresponds to the boiling point of 60% sulfuric acid).
Also the methods of fluorine elimination by passing air or inert gases through acidic solutions are known. In this case, besides HF and SiF 4 , the removal of water and concentration of an acid occur. This method is widely used 10 for the purposes of purification of phosphoric acid from fluorine because it is produced from fluoroapatites in high amounts. However, in the presence of significant amounts of strong complexation agents (AlF ) fluorine will be mainly bound to stable complex ions, and its distillation is likely to be ineffective.
Conclusion.
As far as the practical implementation of the considered methods at UMP JSC is concerned, the most advisable technology is likely to be the separate processing of beryl concentrates according to the current sulfate technology and the sulfurization of bertrandite-phenakite-fluorite concentrates of the Ermakovskoe deposit at 250°C. The preliminary complexing dissolution of fluorite from bertrandite-phenakite-fluorite concentrates and their further processing together with beryl concentrates is already used for individual cycles, especially for fluorite-rich ones. The both methods do not require the radical changes in the current technology. All other methods require further investigations.
